In several strongly correlated electron systems, defects, charge and local lattice distortions are found to show complex inhomogeneous spatial distributions. There is growing evidence that such inhomogeneity plays a fundamental role in unique functionality of quantum complex materials. La 1.72 Sr 0.28 NiO 4 is a prototypical strongly correlated material showing spin striped order associated with lattice and charge modulations. In this work we present the spatial distribution of the spin organization by applying micro X-ray diffraction to La 1.72 Sr 0.28 NiO 4 , mapping the spin-density-wave order below the 120K onset temperature. We find that the spin-density-wave order shows the formation of nanoscale puddles with large spatial fluctuations. The nanopuddle density changes on the microscopic scale forming a multiscale phase separation extending from nanoscale to micron scale with scale-free distribution. Indeed spin-density-wave striped puddles are disconnected by spatial regions with different stripe orientation or negligible spin-density-wave order. The present work highlights the complex nanoscale phase separation of spin stripes in nickelate perovskites and opens the question of the energetics at domain interfaces. 
The complex organization of different orders seems to have a fundamental role in the mechanism governing the emergence of unique functionalities in quantum materials [1] . In cuprate perovskites [1] [2] [3] , charge density waves [4] , accompanied by local lattice distortions [5] , have been found to be spatially inhomogeneous with the formation of "striped charge puddles" anti-correlated with competing puddles of "striped dopants rich clusters" [6] which shed light on the long-standing research on complexity in doped perovskites. These findings have been possible due to the ability to focus X-ray synchrotron radiation to smaller and smaller spots, allowing, in nominal single crystals, the direct visualization of the inhomogeneity in the bulk structure from nano to micro scale. In order to determine the role that the spatial distribution of ordered phases in cuprates plays for the superconductivity, it is instructive to study a non-superconducting reference system like the layered nickelates [7] . Keeping this idea in mind, we push forward the investigation of the spatial distribution of spin-density-wave stripes ordering (SDW-stripes) in the It is well known that stripes appear in layered nickelates [7] in the doping interval 0.15 ≤ x ≤ 0.5 [7] with spin, charge and lattice modulations. The charge and magnetic stripes can be easily investigated separately in fact the charge-order superstructure scattering in La 2-x Sr x NiO 4 always peaks at (2e; 0; l ) with odd l, whereas the magnetic scattering exhibits peaks for (1-e; 0; l ) with odd and even l [7, 8] (The notation refers to the commonly used orthorhombic unit cell). A large number of studies on the stripe order in La 2-x Sr x NiO 4 were performed by traditional neutron scattering [9] [10] [11] [12] [13] probing the spin ordering and nuclear displacements with low energy neutrons, electron diffraction [14] , muon spectroscopy [15] and recently advanced novel synchrotron radiation X-ray diffraction methods have been used to detecting both magnetic and charge ordering [16] [17] [18] [19] [20] [21] . Resonant elastic x-ray diffraction REXS [16] [17] [18] detects spin order directly via magnetic contrast, while electron diffraction [14] , and hard XRD, or nonresonant-x-ray-magnetic-scattering (NXMS) of nickelates and related magnetic materials [19] [20] [21] [22] [23] [24] [25] probe the associated tiny lattice distortions related with polaronic magneto-elastic strain effects [26] [27] [28] [29] . The latter approach opens new perspectives to unveil open puzzles on the complexity of the nature of stripes in La 2-x Sr x NiO 4 nickelates and to test theories on diagonal spin stripes in strongly correlated systems with multi-orbitals and polaronic degree of freedom [26] [27] [28] [29] .
The accumulated data on the La 2-x Sr x NiO 4 system [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] enable to prepare a temperature doping phase diagram of this nickelate system, which is presented in plane, which is assumed to give the number of injected doped electronic holes per Ni atom in the NiO 2 plane [7] . The blue and the green areas correspond to the observation of charge-density-wave order (CDW-stripes) and magnetic spin-densitywave order (SDW-stripes), respectively. The SDW-stripes modulation wave-vector direction for 0.15<x<0.5 extends in real space diagonally to the Ni-O bond direction along the -direction of the orthorhombic unit cell. For samples with tetragonal crystal symmetry, as the one studied here, the stripe order itself breaks the rotational symmetry of the -plane and therefore spin stripes were assumed to show two different orientations with a 90-degree rotation around the -axis with equal probability. The spin stripes lead to superstructure peaks either in the neutron diffraction pattern [9] [10] [11] [12] [13] and X-ray diffraction [16] [17] [18] [19] [20] [21] . Those at the lowest momentum The SDW-stripes peak is identifiable for temperatures below T SDW = 120K in agreement with previous works [7] . On further cooling, its integrated intensity increases, reaching a maximum around T*=70K, followed by a dramatic intensity reduction when the temperature is further decreased down to around 20K, as shown in Fig. 1B which confirms the previous X-ray scattering results [17] .
Line cuts through the SDW-stripes peak along the h-and l-direction, are presented in the left and right panel of while the average out-of-plane correlation is of the order is much smaller 2 nm (about 2 unit cells), reflecting the quasi two-dimensionality of the magnetic interactions [7, 35] .
In this work we have studied the temperature region of the decaying stripes signal intensity by recording micro X-ray diffraction maps at different temperatures. Three of such maps were collected by scanning the same sample area at 30K, 50K and T*=70K. At T* we observe the maximum SDW-stripes intensity. Our results are summarized in Fig. 2 . In the spatial maps, red (blue) areas correspond to a high (low) SDW-stripes peak intensity. The inhomogeneity of the maps reveals regions with different stripe orientation or different degrees of order. We assign intermediate intensities (green-yellow) to the regions where sub-micron-size domains exist, which cannot be resolved by the 1 µm beam used in the experiment. For investigating possible spatial rearrangements within the SDW-stripes pattern at the temperature of maximum ordering T*=70K we have calculated the radial distribution function of the spatial maps (Fig. 2C) . All the curves show a similar exponential decay falling on the noise level at distances with ?@A ≅ 10 .
We associate this length to the size of the average SDW-stripes micrometric domain formed by ordered SDW-stripes nano-puddles, with the average 20 nm size. In fact the inhomogeneous aggregation of SDW-stripes puddles forms a complex fractal landscape of micron sized SDW-stripes rich domains illustrated in The spatial arrangement of SDW-stripes puddles as a function of temperature shows a maximum density at T=70K with the formation of micron-scale striped pattern. At the low temperature (30K and 50K) the SDW-stripes puddles density decreases with large regions of disordered or rotated spin ordering. The here-determined temperature dependence of the SDW-stripes intensity is similar to the one reported for nickelates of different doping levels [17] . Thus, we can assume the observed behavior to be a general characteristic for SDW-stripes order. This behavior resembles what has been predicted for incommensurate cuprate stripes to occur at low temperatures, when a freezing to the lattice potential disturbs the long-range order [36] [37] [38] . We find intrinsic inhomogeneous spatial organization of SDW-stripes forming domains organized in micrometric puddles and a different spatial arrangement of SDW-stripes puddles as a function of temperature. The temperature of maximum SDW-peak intensity coincides with a reorganization of the SDW-stripes puddles of comparable size into a spatial pattern with regular inter-puddle distance.
In conclusion, we have shown that the complexity of the investigated quantum striped material is different from but has similarities with superconducting quantum materials.
The latter shows the coexistence of spin ordered, charge ordered and lattice ordered puddles in cuprates and related matter [39] [40] [41] pointing towards the possibility of quantum complex fluids in filamentary hyperbolic spaces [42] as it has been found in functional biological matter [43, 44] . It is possible that in nickelate perovskites the complexity is driven by self-organization of polaronic localized spin or charge character [45, 46] with associated tilts [47] forming quantum networks [49] driven by phase separation with anisotropic attractive interactions [50] controlled by anisotropic strain [51, 52] and orbital degrees of freedom [26] [27] [28] [29] [53] [54] [55] . Our studies exploited novel high sensitive synchrotron radiation focused X-ray diffraction to shed new light on the formation of quantum spatial complexity [4] [5] [6] [22] [23] [24] [25] 56, 57] controlling new functionalities in quantum complex materials. Pictorial view of the stripes puddles of about R SDW ≈20 nm, given by the correlation length extracted from the width of the diffraction reflection lines (see Fig, 1 ), forming aggregates of about D SDW ≈10 micron size below the critical temperature T*. These aggregates show phase segregation with aggregates separated by regions with disordered or rotated stripes.
ACKNOWLEDGMENTS

